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Abstract Faults inﬂuence groundwater ﬂow paths. The
transport of groundwater contaminants within the faulted
sandstones and shales of Chatsworth Formation exposed in
southern California, USA, have been investigated. Structural
and hydrogeological data are combined to interpret the
hydraulic-head drop measured across a fault with tens of
meters of oblique-slip. The fault zone architecture was
delineated at two locations: an outcrop and a borehole
intersecting the fault at depth. At the ﬁrst station, the fault
juxtaposes sandstones against shales with a fault core mostly
consisting of deformed shale. A series of shale beds striking
parallel to the fault zone and dipping ∼50° toward the fault
zone provides evidence that the shale was incorporated into the
fault zone. At the second station, borehole images show a
plane juxtaposing fractured sandstone against shale-rich fault
rock. Hydraulic heads measured at 30 wells show a drop of
75 m across the fault, which is interpreted to be a result of the
low-permeability shaley fault rock. It is proposed that the shale
was incorporated into the fault zone by shale smearing. These
results are consistent with numerical modeling, which requires
a low-permeability fault core to simulate the observed
hydraulic head differences. Understanding the hydraulic nature
of this fault provides a critical constraint for evaluating the
future migration of contaminants in the groundwater system.
Keywords Fault permeability . Shale
smearing . Hydraulic head . Contamination . USA
Introduction
Fluid ﬂow across and along fault zones has repercussions
on numerous practical applications because faults are
common in aquifers and reservoirs and their hydraulic
behaviors affect ﬂow pathways (Caine et al. 1996; Aydin
2000; Bense et al. 2008; Rotevatn and Fossen 2011;
Antonellini et al. 2014). In general, this effect depends on
the hydraulic properties of the faults and the associated
fracture systems relative to those of the surrounding host
rocks. Where fault zones have a lower permeability
relative to the host rock, they can impede cross-fault ﬂuid
ﬂow (Antonellini and Aydin 1994). Conversely, in tight
lithologies, fault zones may have higher permeability and
may act as ﬂuid conduits that focus ﬂuid ﬂow (Faulkner
et al. 2010; Aydin 2014). Fault hydraulic behavior may
evolve in time and space during fault development, such
that faults showing a complex conduit-barrier behavior are
also common (Bredehoeft et al. 1982; Taylor et al. 1999;
Flodin et al. 2005; Mitchell and Faulkner 2009; Agosta
et al. 2012).
The permeability of a fault zone is controlled by the
fault architecture, its components, and the way in which
these components are distributed. Whereas the fault
architecture is mostly controlled by the type, geometry,
distribution, connectivity, and density of structures con-
stituting fault zones (Caine et al. 1996; Micarelli et al.
2006), the nature of fault rocks (e.g., breccia, cataclasite,
gouge) is related to the host rock lithology and the
processes responsible for the formation of the fault zones.
Two of the most common processes that produce low-
permeability fault rocks are shale or clay smearing and
cataclasis (Yielding et al. 1997; Aydin and Eyal 2002;
Balsamo et al. 2010). Shale smearing is the mechanism for
incorporating shale into fault zones, which involves the
ductile behavior of the shale and the development of clay-
rich fault rocks (Aydin and Eyal 2002; Eichhubl et al.
2005). Cataclasis is a friction-dependent, brittle process
that causes comminution through grain rotation, transla-
tion, and fracturing (Engelder 1974).
The permeability structure of fault zones has been
investigated by hydrogeologists and structural geologists
using two separate lines of research: one based on ﬂow
data (Cohen 1999; Celico et al. 2006; Petrella et al. 2014)
and one generally focused on the structural architecture of
natural fault zones (Caine et al. 1996; Aydin 2000). There
have been limited attempts to combine insights or
integrate the knowledge and experience gained from these
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two disciplines (see Bense et al. 2013 for a recent review
of the subject).
In this multidisciplinary study, an attempt is made to
use the structural architecture of a relatively large fault
zone to interpret the distribution of hydraulic head data
measured along and across the fault. The fault zone
crosscuts a thick turbidite sequence of sandstones and
shales belonging to the Chatsworth Formation (Fig. 1;
Colburn et al. 1981; Link et al. 1981), which is
extensively exposed across the Simi Hills in southern
California, USA. The data presented here were collected
from an inactive industrial research and development
facility (Santa Susana Field Laboratory or SSFL) located
in the Simi Hills (Fig. 1b–c). The space aeronautics and
energy research activities (i.e., testing and development of
rocket engines from 1949 to 2006, nuclear reactors from
1953 to 1980, and liquid metals research from 1966 to
1998) carried out at this site during past decades resulted
in chemical contamination (mostly trichloroethylene) of
the groundwater system underlying the study area
(CH2MHill 1993; Cherry et al. 2009).
With the aim of deciphering the contaminant migration
pathways as well as designing an efﬁcient remediation
strategy, groundwater head levels and chemical concen-
trations have been monitored for more than two decades
across a system consisting of hundreds of wells and
piezometers. The Santa Susana Field Laboratory repre-
sents a unique opportunity for integrating hydrogeology
and structural geology. The outcomes of this study
provide new insights for explaining the distribution of
groundwater head and contaminant plume migration as a
result of the architecture and permeability structure of a
large fault zone crosscutting a turbidite sequence. More-
over, the results from the study may be applied for
modeling the hydrogeological behavior of similar fault
zones and improving contaminant transport models used
to describe and predict plume behavior in groundwater
systems.
Geological setting
The Simi Hills are bounded to the north by Simi Valley
and the Santa Susana Mountains, to the west by San
Fernando Valley, and to the south by the Santa Monica
Mountains, and occupy a portion of the easternmost
Western Transverse Ranges (Fig. 1b). Since early-middle
Miocene, the Western Transverse Ranges have undergone
up to 90° clockwise rotation around a vertical axis located
near the present southeast corner of the region (Nicholson
et al. 1994). This rotation was synchronous with or shortly
followed (12–14 Ma) by an extensional phase. In the early
Pliocene, the deformation within the area became strongly
compressive, with an approximate north–south oriented
shortening (Nicholson et al. 1994; Langenheim et al.
2011).
Local bedrock strata in and proximal to the study area
typically range in age from Late Cretaceous to late
Pliocene, and are marine, nonmarine, and volcanic in
origin. The oldest stratigraphic unit exposed in the Simi
Hills is the Upper Cretaceous Chatsworth Formation
(Fig. 1). Within SSFL, exposures of the Chatsworth
Formation strata consist primarily of sandstones interbed-
ded with shales, siltstones, and conglomerates with typical
bedding strike of approximately N70°E and dips of 25–
35°NW (Fig. 1c). It is believed that this formation
deposited in a turbidite mid-fan environment (Link et al.
1984).
In the study area and its vicinity, the Chatsworth
Formation is subdivided informally into upper and lower
units (Fig. 1d; Montgomery Watson 2000), with the upper
unit further subdivided into stratigraphic packages and
members based on the predominant grain size (Fig. 1d).
Coarser-grained members consist primarily of medium- to
ﬁne-grained sandstone beds (Fig. 1d) characterized by
features typical of turbidite deposits (Bouma 1962).
Intervals of stacked sandstone beds with few or no ﬁne-
grained interbeds typically reach a few meters thick and
may extend laterally for several hundreds of meters
(Fig. 1c). The ﬁner-grained members of the upper part of
the formation typically consist of 50 % or more siltstone
and shale, inter-bedded with lesser amounts of sandstone.
Within the study area, the upper part of the Chatsworth
Formation is subdivided into two stratigraphic packages
dominated by coarse-grained facies referred to as Sand-
stone 1 and Sandstone 2 (MWH 2009). These two
packages are separated and bounded above and below by
predominantly ﬁne-grained facies packages referred to as
Shale 1, Shale 2, and Shale 3, from bottom to top
(Fig. 1d). Sandstones 1 and 2 are each in turn subdivided
into three coarse-grain dominant members separated by
predominantly ﬁne-grained members. The strata evaluated
for this study are assigned to the Sandstone 1, which
consists of three coarse-grained members (Bowl, Canyon,
and Sage) separated by two ﬁne-grained members (Happy
Valley and Woolsey; Fig. 1d).
Hydrogeology of the area
The groundwater system underlying the study area is a
part of the Simi Hills bounded by Simi Valley to the north,
Box Canyon to the northeast, San Fernando Valley to the
east, Bell and Las Virgenes Canyons to the south, and
Runkle Canyon to the west (Fig. 2a). Previous inves-
tigators discussed the potential for subsurface groundwater
outﬂow (i.e., deep and/or shallow) along the entire
boundary of the groundwater system of the area
(Fig. 2a), except for the western portion of the boundary
(orange color in Fig. 2a) that is sub-parallel to the inferred
direction of groundwater ﬂow (MWH 2009). One of these
studies (Cherry et al. 2009) integrated available literature
data from direct measurements performed in the ﬁeld area
(MWH 2009; Williams and Knutson 2009) and set the
bottom of fresh groundwater at approximately sea level.
The upper boundary of the groundwater ﬂow system is
represented by the regional water table and localized
perched water tables. At the scale of the mountain, the
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water table is essentially a recharge mound that generally
mimics the overall topography. However, some variability
can be detected at the scale of the study area. Indeed, more
than 350 monitoring wells and piezometers indicate that
the depth of the water table ranges from 1 meter in the
ﬂat-lying areas to several hundred meters below ground
surface beneath the topographic highs and some areas
with residual drawdown from past pumping (Fig. 2b).
The members of the Upper Chatsworth Formation
(Fig. 1) are differentiated by their texture such that each
hydrogeologic unit (Fig. 2b) within the local groundwater
ﬂow system often can be correlated with the stratigraphic
Fig. 1 a Map of USA and the adjacent countries; the state of California is shown in red. b Location of the study area in the Transverse
Ranges Province of southern California, USA. c Simpliﬁed geological map of the study area showing ESE–WNW and NE–SW trending
fault sets cutting across the Chatsworth Formation (modiﬁed from MWH 2009). The studied fault zone is highlighted by yellow inﬁll;
sandstone units are represented in khaki; shale and ﬁne-grained units in different grey nuances. The locations where detailed analyses were
carried out also are shown (black dashed rectangle and white arrows). d Stratigraphic column of the Chatsworth Formation in the vicinity
of the study area (modiﬁed from MWH 2009). The numbers on the left side of the column represent its height, mb. = member
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members (MWH 2009). The coarse-grained members
(sandstones) store and transmit locally signiﬁcant quanti-
ties of groundwater, and thus may be considered aquifer
units (Fig. 2b). Conversely, the ﬁne-grained members (i.e.,
mudstones, siltstones, and shales) tend to impede ground-
water ﬂow, and thus are considered aquitards (Fig. 2b).
The other formations exposed near and beyond SSFL
boundaries comprise hydrogeologic units that are more
relevant toward the margins of the mountain groundwater
system.
In the study area, both shallow and deep groundwater
zones are recharged by the inﬁltration of precipitation,
runoff, and runoff collected in ponds, with a relatively
minor contribution from the incidental deep percolation of
delivered municipal water. The spatial distribution of these
groundwater zones is inﬂuenced by geologic factors (e.g.,
ﬁne-grained units and faults), groundwater pumping, and
recharge. Typically sharp inﬂections (up to 10s of meters)
of groundwater head occur across ﬁne-grained units
(Cherry et al. 2009). For example, more than 40 m of
water level offset are detectable across Shale 2 (Fig. 2b).
Furthermore, the presence of springs and ﬂowing wells
indicates the groundwater conﬁnement effect of Shale 3
(MWH 2009). The shaley Woolsey member is one of the
site’s aquitards that affects the groundwater system.
Indeed, the zones above and below this member exhibit
water level differences solely due to the presence of this
aquitard. Similar, but somewhat less pronounced effects
are observed in association with thinner ﬁne-grained units.
Two different sets of hydraulic head distribution data
have been analyzed for this report: one was collected
during the third quarter of 2008 (MWH 2009), and the
other during the ﬁrst quarter of 2014 (MWH 2014).
Because these two datasets are very similar, Fig. 2(b)
shows only the most recent one.
Groundwater occurrence and movement are also
inﬂuenced by some of the tectonic structures (see arrows
in Fig. 2b). As shown in Fig. 2b–c, groundwater levels
differ by as much as 75 m across a major NE–SW striking
fault zone called the “Shear Zone” (Sage 1971; MWH
2009), the subject of the present study. For consistency
with former studies, this fault is referred to with its
previously assigned name (Shear Zone fault or SZF), even
though any well-developed fault is a shear zone in sensu
stricto. The hydraulic heads on the southeast side of the
fault are systematically higher than those on the northwest
side. Despite this strong NW–SE (fault-perpendicular)
groundwater hydraulic gradient, the migration of contam-
inant plumes is signiﬁcantly restricted from east to west
across SZF (Cherry et al. 2009).
The concentration of contaminants in groundwater
monitored at various wells suggests that a comingled plume
southeast of SZF is elongated in a direction parallel to SZF
(MWH 2009). These observations are consistent with the
hydraulic conductivity of the fault core of SZF, which was
estimated to be 1×10−9 m/s based on groundwater-level
offsets (Haley and Aldrich 2000), and 1×10−10 m/s based on
pumping tests performed in a well located adjacent to this
fault (MWH 2004). The aforementioned hydraulic
conductivity values were then calibrated using a groundwa-
ter ﬂow model (AquaResource/MWH 2007); the model
calibrated values for different sections of SZF are potted in
Fig. 3a. Figure 3b is box-and-whisker plot comparing the
bulk hydraulic conductivities of the two sandstone units
surrounding the studied fault zone (i.e., Sage and Canyon
members) and the conductivity of the SZF core (Haley and
Aldrich 2000; MWH 2004; AquaResource/MWH 2007).
This report will focus on the faulting mechanism responsible
for the architecture of the Shear Zone fault and its
consequent permeability structure.
A wide range of fault permeability structures have been
observed at SSFL. For instance, evidence of enhanced
hydraulic communication exists along the E–W striking
North fault (northwestern portion of the map in Fig. 2b),
which connects two zones of the aquifer that would be
otherwise separated by Shale 2. Most of the other E–W
striking faults, which generally occur within the thick
sandstone units of the Chatsworth Formation, do not show
signiﬁcant evidence of reduced cross-fault conductivity
(MWH 2009).
Orientation and kinematics of the faults
At SSFL, the Chatsworth Formation is crosscut by two
dominant sets of faults: one trending NE–SW and generally
showing an apparent left-lateral strike-slip kinematics and
another roughly oriented ESE–WNW showing an apparent
right-lateral strike-slip kinematics. Many of the faults shown
in Fig. 1 have been described by a former remedial
investigation geologist (MWH 2007, 2009, Appendix 4-J).
The names of the individual structures are taken from the
previous publications and are often related to toponyms of
the study area. The length of the fault segments ranges from
a few tens to a few thousands of meters. The major NE–SW
oriented faults are, from east to west, the Shear Zone and
Skyline faults. Whereas the faults in the ESE–WNW
orientation from north to south are: Woolsey Canyon, North,
IEL, Happy Valley, Ridge, Tank, Bravo, Coca, and Burro
Flats. The ESE–WNW set appear to be predominant with
respect to the NE–SWoriented set.
This study improved a previous fault map of SSFL and its
surrounding (MWH 2007). For this task, the trace geometry
and orientation of the faults were ﬁrst investigated by aerial
photograph analysis. Then, in order to describe the multi-
scale nature of these structures and assess their dimensional
attributes, images at different scales and resolutions were
Fig. 2 a The large-scale hydraulic system and the detailed study
area location (modiﬁed from MWH 2009). b Hydrogeological map
of the Santa Susana Field Laboratory (modiﬁed from MWH 2014).
The Shear Zone fault is highlighted by yellow inﬁll. The hydraulic
head elevation (blue lines) and well locations (solid circles) are
shown. c Schematic cross-section A–A′ in part b, showing the
hydraulic head drop recorded in ﬁve wells located along an
approximately E–W direction on either side of the Shear Zone fault
(modiﬁed from MWH 2009). The inferred kinematics of the fault
zone (west side down and toward viewer) also are shown

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acquired from various databases (Google Earth images,
aerial photographs taken from a helicopter, and ground
photographs) and were analyzed. The criteria used to
identify the fault zones shown in Fig. 1 were morphological
expression and apparent stratigraphic offsets. The geometric
complexity of the fault zones was captured by the
identiﬁcation of different fault segments, and the character-
ization of fault zone widths and extent of the damage zones.
Fig. 3 Hydraulic conductivity data. a The hydraulic head contours from the ﬁrst quarter of 2014 (blue lines; from MWH 2014), the
schematic representation of SZF as drawn in the groundwater ﬂow model (red line; redrawn from AquaResource/MWH 2007); the values
of the hydraulic conductivity of the 6-m-thick fault core are listed adjacent to each section of the fault (from AquaResource/MWH 2007). b
Box-and-whisker diagram of the hydraulic conductivity of the Shear Zone fault and the two surrounding sandstones
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This analysis was followed by detailed ﬁeld observations to
verify the aerial photograph data and to constrain kinematic
indicators across the fault zones.
Shear Zone fault (SZF)
The Shear Zone fault (SZF) is one of the major NE–SW
striking fault zones, and is located in a critical remediation
area within SSFL because of its vicinity to several of the
former sources of contaminants. As seen in Figs. 2 and 3,
this fault has a signiﬁcant compartmentalization effect on
the groundwater system. In this section, the geometry,
kinematics, and architecture of the SZF are characterized.
The SZF is made up of several left-stepping, NE–SW
oriented segments striking between N40 and N55°E. The
fault has a total mapped length of at least 5.5 km.
However, this value is the integral of the contributions of
multiple segments (Fig. 1). Within the study area more
than nine segments were identiﬁed, the length of these
segments ranges from a few hundreds of meters to about
2 km (Fig. 1c). They overlap for about half of their
lengths. The width of the fault zone is controlled in part
by the spacing of the neighboring segments and varies
signiﬁcantly along strike (Figs. 1 and 4). The minimum
width (30 m) was measured at the northern portion of the
fault zone, where it comprises two closely spaced sub-
parallel segments at the surface. Conversely, one of the
largest widths (150 m) is observed along the central
portion of the fault where two en echelon neighboring
segments are far apart and form a left stepover (Fig. 4a).
The apparent left-lateral horizontal separation along the
SZF can bemeasured at two locations at the surface. The ﬁrst
one is along the northern part of the fault where it offsets the
Shale 2 by about 75 m, and the second one is along the
southern portion of the fault where the SZF offsets, by about
225 m, a stratum assumed to represent the top boundary of
the Lower Chatsworth formation. The SZF is characterized
by a minor dip-slip component, too, based on the fact that the
rocks exposed on the southeast side of the fault zone are
always from a lower stratigraphic level with respect to those
on the northwestern side (Fig. 1d).
Fig. 4 a Detailed map of the area surrounding the left stepover between two of the segments of Shear Zone fault at the projected
intersection with the Happy Valley fault (see location in Fig. 1). Each set of fractures is represented with a different color. b Orientation data
collected from three different locations and plotted as poles on Smith’s stereographic net lower hemispheres. c Interpreted ground picture of
a sandstone crosscut by the splays (orange) of individual sheared joints and linked sheared joints (blue) from the NE–SW set
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Fault architecture
The key aspects of the architecture of the SZF were
delineated at two stations (Nos. 1 and 2) about 2 km apart
from each other (see Fig. 1 for the locations). Station 1
encompasses an outcrop along the southern portion of the
fault (Figs. 5a and 6), while Station 2 includes a borehole
interpreted as intersecting the central portion of the fault
and one of the shale units offset at depth (Fig. 7c–d). The
former has the advantage of showing a transversal section
of the fault zone in a large surface, whereas the latter
reveals an image of a portion of the fault zone at the
subsurface thereby avoiding effects of weathering and the
related cover.
Fig. 6 Photographs of different portions of the Shear Zone fault at Station 1. a Fault strand in sandstones; closely-spaced slip surfaces are
highlighted in red (due NW); b Smearing of shale unit “B” along a secondary fault strand (due NE); c Shale unit “A” highly bent and
dipping toward the fault zone (due SE). I, II, and III represent distinct beds dipping towards the viewer and their boundaries are highlighted
in yellow; d Shale-rich fault core with carbonate veins pointed out by yellow arrows (due SE)
Fig. 5 Map and cross-section of the Shear Zone fault at Station 1. a
Detailed map showing several strands within the fault zone and the
shale dipping toward the fault zone. b Interpretative cross-section of
the fault zone showing the shale unit gradually dipping towards the
fault zone with an increasing dip-angle and eventually merging into the
fault core at depth. This is known as “shale smearing”

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Station 1
At this location the fault zone trends about N50°E and is
about 15 m-wide (Fig. 5a). It juxtaposes a highly
deformed sandstone on the northwest side of the road
and a shale-rich fault rock on the southeast side. Five
major strands can be recognized within the fault zone
(Fig. 5a). In the sandstone, the offsets were resolved along
N42°E striking and steeply SE-dipping slip surfaces
localized within a 40-cm wide sub-vertical strand of the
fault (Fig. 6a). Further to the east, another SE-dipping
fault strand marks the contact between a sandstone sliver
and the deformed shale unit “B” (Fig. 5a). The sandstone
beds, although intensely fractured, dip NW by about 20°,
consistent with the general attitude of the bedding in the
study area. The deformed shale is sub-parallel to the
average fault zone and dips SE by about 65° (Fig. 6b).
Several meters to the northeast, the same shale unit crops
out in its normal stratigraphic position dipping 20° NW.
The central core of the fault zone is about 8 m wide and it
is predominantly made up of shales characterized by a strong
Fig. 7 Station 2 with borehole C-10 intersecting the Shear Zone fault and borehole C-11 intersecting the Woolsey member at depth. aMap
of the northeast edge of SSFL with well locations marked. b Bent shale (green line boundary) juxtaposed to sandstone (black line
boundary). c Interpreted image from the OPTV showing fractures, sheared fractures, veins, and slip surfaces. d Schematic 3D block
diagram showing the SZF at this location. The well traces (turquoise) and their intersection with the Woolsey member and the Shear Zone
fault are shown. Approximate locations of ﬁgure parts b–c also are marked
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diffuse deformation with a foliated texture sub-parallel to the
fault zone (Figs. 5a and 6d). The fault core is overprinted by a
N30°E-striking array of carbonate veins; its clay content
decreases westward closer to the juxtaposition of the footwall
sandstone against the shale fault rock (Figs. 5a and 6d).
At the southeastern edge of the exposure, the shale unit
“A” dips towards the fault zone with a northwesterly strike
and 50° dip angle (Fig. 6c). This part of the outcrop provided
the key piece of data to infer that the shale unit gradually
changed its dip angle and merged into the fault zone in a
Fig. 8 Examples of faults with shale smearing. a An outcrop scale dip-slip fault zone exposed along CTL IV Road within the study area; fault
segments are represented in red, sandstone bedding in white, shale bed has been shaded; b sand box analog model showing a single shale layer
smeared along an extensional step-over of two segments of a normal fault (simpliﬁed and re-drawn from Noorsalehi-Garakania et al. 2013); c
ﬁeld-based conceptual model of a normal fault cross-cutting a sequence of alternating sandstones and shales (slightly modiﬁed from Aydin and
Eyal 2002); d conceptual model of shale smearing in an alternating sequence of sandstones and shales. A thin shale unit becomes discontinuous
across the fault zone, whereas thick shale units are incorporated between fault stopovers and merge together
415
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manner consistent with shale smearing (Weber et al. 1978).
The interpretative cross-section presented in Fig. 5b was
constructed based on the surface data and shows schemat-
ically how the major shale unit was incorporated or smeared
along the fault zone.
Station 2
This station includes the borehole C-10 (see Fig. 7a for
location), which reaches a depth of approximately 194 m.
Previous investigators (MWH 2009) interpreted that near its
bottom (at about 189 m) this borehole intersects the fault zone
(Fig. 7d). Geophysical data (i.e., gamma-ray, electric resistiv-
ity, and optical televiewer) were available for this well.
Images from the optical televiewer (OPTV) were interpreted
and integrated with ex-situ characterization of the last 6 m of
the recovered rock core. Figure 7c shows the interpreted
OPTV image where fractures (including sheared fractures or
faults), veins, and slip surfaces are identiﬁed and highlighted
with different colors. At the bottom of the image (189.2 m
depth) a slip surface juxtaposes fractured sandstones against
highly deformed shale fault rock. This slip surface, which dips
75° toward SE, is here interpreted as the southeastern
boundary of the Shear Zone fault (Fig. 7d). About 4 m of
shale fault rock were captured in the core. The shale fault rock
was highly folded and brecciated with a locally complex
cataclastic texture. A semi-quantitative x-ray diffraction
analysis was performed on two representative samples of
the shale fault rock to identify their mineralogical composi-
tion. Both samples displayed a similar composition dominat-
ed by plagioclase (50–80 %) and clay minerals (saponite and
vermiculite; 20–50 %). A very small amount (3–5 %) of
quartz also was found in one of the samples. Similar to the
observations at Station 1, the shales show a plastic behavior in
contrast to the brittle behavior of the sandstones. One image
taken at the depth where the fault zone boundary was inferred
shows a highly bent shale strata juxtaposed against a
sandstone sliver (Fig. 7b). The architecture of the SZF in the
subsurface, consisting of plastic shale bent against fractured
sandstones and shale-rich fault rock, resembles that docu-
mented at the surface at Station 1. Therefore, it is suggested
that the mechanism of incorporating shale into the fault zone
is the same in both portions of the fault.
This station also has a borehole, C-11, (see Fig. 7a for
location) intersecting what is inferred to be the ﬁne-grained
(∼45% of the bulk composition)Woolsey member at around
185 m depth, thereby revealing the throw of the Woolsey
member. On the southeast side of the fault zone the Woolsey
member crops out 230 m northeast of borehole C-11,
suggesting an apparent vertical separation along the SZF of
about 170 m (Fig. 7d).
Because deﬁnitive kinematic indicators for the exact slip
direction were not found, the true slip direction and slip
magnitude of the fault could not be determined. However,
based on the geometric relationship between the SZF and the
Woolsey member, the two end-member values for possible
offsets were calculated: a pure strike-slip (0° rake) motion of
230 m would give 42 m of an apparent vertical separation,
whereas a pure dip-slip (90° rake) motion of 170 m would
imply a maximum 70 m of left-lateral apparent offset. Based
on this simple exercise, it is inferred that the SZF must have
an oblique-slip with lateral and vertical components brack-
eted by 230 and 170 m, respectively.
Discussion
The Shear Zone fault is one of the members of the NE–
SW trending set of an apparent conjugate fault system
cutting across inter-bedded sandstone and shale sequences
Fig. 9 Plot of laboratory-derived permeability versus porosity for
a variety of natural argillaceous rocks (Neuzil 1994). Fields
(outlined in red) denote the range of result values determined for
each clay-rich rock type listed in the legend. Permeability is shown
along the lower horizontal scale: the corresponding hydraulic
conductivity of water at room temperature is shown along the
upper horizontal scale. Numbers for each ﬁeld correspond to
lithologies stated in the legend (Neuzil 1994 and references therein).
Fields 1–4: bottom deposits from North Paciﬁc; 5 Pleistocene to
recent from Quebec (Canada), Mississippi Delta (USA) and
Sweden; 6 from Gulf of Mexico; 7 Southerland Group from
Saskatchewan (Canada); 8 Pierre Shale from South Dakota
(USA); 9 from western Canada; 10 Elena Formation from Nevada
(USA); 11 from Japan and Alberta (Canada); 12 Upper Triassic,
mid-Miocene, lower Pleistocene from Italy; 13 Shale and siltstone
members from the Upper Cretaceous Chatsworth Formation,
nominally unfractured rock cores (Hurley et al. 2007)
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of the Chatsworth Formation an upper Cretaceous
turbidite deposit exposed the Simi Hills section of the
Western Transverse Range Province of southern Califor-
nia. At the surface, the fault zone is mapped as greater
than 5.5 km in length and is composed of several
segments with en echelon geometry. The segment lengths
are generally on the order of 1–2 km, they overlap for
about half of their lengths in a sense that, when viewed
along strike, the next segment steps to the left. The widths
of the stepovers, which are expressed by a negative relief,
deﬁne approximately the fault zone width varying from 30
to 150 m at the surface. These observations are consistent
with the inferred dominant left-lateral slip component
across the fault zone and its growth by the linkage of
neighboring segments similar to those described by other
authors at various locations (Cartwright et al. 1995; de
Joussineau and Aydin 2007; Aydin and Berryman 2010).
The Shear Zone fault is interpreted as also segmented
down dip. This is by and large due to the shale and ﬁne-
grained members of the Chatsworth Formation, which
initially demark the en-échelon segments localized within
the sandstone members. Eventually, shale and ﬁne-grained
members get incorporated into the extensional stepovers
between vertically discontinuous fault segments by a
mechanism known as shale smearing (Fig. 8, Lehner and
Pilaar 1997; Aydin and Eyal 2002). If a few hard data points
available from the study area can be generalized, the fault
rock is made up of fairly continuous smeared shale with
enough thickness and coherence along the fault zone to form
a partial hydraulic barrier. The hypothesis of continuous
shale smear along the fault zone is also supported by the
presence of multiple shale-rich units within the Chatsworth
Formation. In fact, each one of these units represents an
additional source of shales incorporated within the fault
zone. Figure 8d shows that thin shale beds become
discontinuous across a fault zone if the throw thickness ratio
is greater than 7 (according to Lindsay et al. 1993), whereas
thicker shale units may merge together during the smearing
process. The smearing of multiple shale units increases the
possibility of a continuous fault sealing along the fault dip
direction (Schmatz et al. 2010).
Although the Shear Zone fault has a total offset on the
order of several tens of meters, it is not clear if the entire
offset occurred with a continuous and consistent sense.
Given that the broader region encompassing the study area
has undergone a sequence of compression, rotation,
extension, and subsequent compression (Nicholson et al.
1994), it is likely that the total offset estimated today was
achieved through several stages of overlapping faulting
processes with different kinematics. However, the sense of
the dominant left-lateral horizontal component is consis-
tent with the remote stress ﬁeld currently affecting the
Western Transverse Ranges province, which is character-
ized by a horizontal maximum remote compressive stress
oriented roughly N–S (Langenheim et al. 2011). These
postulated inversions had consequences that are difﬁcult
to decipher without additional detailed ﬁeld work.
Sedimentary units dominated by clays and shales are
known to have lower hydraulic conductivity with respect
to most other lithologies: hydraulic conductivities between
10−16 and 10−10 m/s have been reported from laboratory
and regional studies of such rocks (Fig. 9). The hydraulic
conductivity and porosity measurements performed on
nominally unfractured shale and siltstone cores from
SSFL are reported in Fig. 9 (blue polygon) for compar-
ison. Shale smear and re-orientation of the platy clay
minerals along the fault zones may produce fault rocks
which are less permeable than the undeformed parent
shales (Yielding et al. 1997; Eichhubl et al. 2005; Aydin
2014). The sealing potential of the faults with smeared
shale fault rocks varies from case to case. A displacement
capillary pressure 30 % higher in a subsurface fault zone
with respect to underformed shales was measured at the
Black Diamond Mine in California (Eichhubl et al. 2005).
A permeability reduction of up to three orders of
magnitude between a shale-rich fault gouge and the
surrounding sandstone aquifer was calculated for some
faults crosscutting the Lower Rhine Embayment (Bense
and Van Balen 2004).
Similar to many other examples reported in the literature
(e.g., Bense and Van Balen 2004; Bense and Person 2006;
Færseth 2006 and Bense et al. 2013), it is possible to detect a
signiﬁcant difference between the hydraulic heads measured
at tens of wells on either sides of the Shear Zone fault (MWH
2004; Cherry et al. 2009; MWH 2009). The estimated
hydraulic conductivity of the core of the Shear Zone fault is
up to several orders of magnitude lower than the bulk
hydraulic conductivity of the surrounding sandstones
(Fig. 3b), and generally lower than the shale-rich units
(Haley and Aldrich 2000; Sterling 2000; MWH 2004). As
shown in Fig. 2b the hydraulic head on the southeastern side
of the fault is always higher than that of the northwestern
side. These data support that, despite the large number of
segments present at the surface, the Shear Zone fault has a
continuous sealing capacity with respect to cross-fault ﬂow.
Similar outcomes were obtained by modeling anisotropic
fault zones crosscutting alternating sandstone and shale
sequences (Bense and Person 2006). The hydraulic head
differences are not equal along the fault strike (Figs. 2 and 3).
Maximum drops in hydraulic head across the SZF are
measured along its northern and central portions where the
fault crosscuts two thick ﬁne-grained units (i.e., Shale 2 and
Woolsey member).
The sealing potential of the fault rocks of the SZF is
relevant with respect to the potential for NW–SE fault-
perpendicular groundwater ﬂow. However, the fault-
related fracture pattern mapped in the sandstone units
exposed adjacent to the SZF (Fig. 4a) appears to be highly
interconnected and could, for instance, cause an anisotro-
py of the fault-parallel hydraulic conductivity (similar to
that reported by Bense and Person 2006).
This study focused on the permeability structure of one of
the largest fault zones crosscutting SSFL area. However,
there are other faults with E–W trends, some of which occur
only within thick sandstone units. These faults have different
architecture and permeability structures with respect to the
SZF, and this poses intriguing questions that will be
addressed in a future study.
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Conclusions
The Shear Zone fault is characterized by an oblique-slip
kinematics with a large left-lateral strike-slip component
and some normal-slip component. The exact magnitudes
of these components are not known but some end
members on the orders of a few hundred and several tens
of meters, respectively, are inferred. It is also proposed
that the normal and strike-slip mechanisms may have
operated sequentially in accordance with the changing
tectonic stresses operating across the broader region.
The fault probably nucleated by means of shearing and
linkage of pre-existing discontinuities such as joints within
the brittle sandstone units, whereas the shale units deformed
in a ductile manner. The overall mechanism of incorporating
shale into the fault zone is inferred to be shale smearing.
However, uncertainties exist regarding the impact of over-
printing normal and strike-slip faulting mechanisms on the
continuity and integrity of the smeared shale fault rock.
The fault zone has a width ranging from 30 to 150 m and
a fault core thickness ranging between 4 and 8 m that is rich
in clay minerals (from 20 to 50 %). The drop of hydraulic
head detected across the fault segments is interpreted to be
primarily due to low-conductivity shale fault rock. This is
also consistent with the hydraulic conductivity of the fault
core, which was calculated to be ranging between E−11 and
E−09 m/s by previous investigators (Fig. 3).
Despite the high degree of segmentation of this fault
zone, which could imply local diminution of the sealing
capacity of the whole structure, none of the observation
wells appears to show any clear hydrogeological evidence
of enhanced cross-fault groundwater ﬂow between the
segment stepovers. Overall, this study helps ﬁll the gap
between the hydrogeological and structural geologic data,
and should be helpful to model and constrain the
migration of contaminants in the subsurface.
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